[4] . Complex genetic architecture and diverse cell types regulate both sleep and aging, making the study of ageassociated changes in sleep experimentally challenging. Recent genetic studies in the fruit fly suggest the molecular basis of sleep and aging is conserved from flies to mammals [5] . Flies show age-dependent changes in sleep that are comparable to those observed in humans, but the neural basis for age-dependent changes in sleep remains unclear.
Introduction
Aging is characterized by changes in diverse biological processes including neural plasticity, metabolism and behavior. One consequence of aging that appears to be conserved across phyla is sleep loss. Aging results in diminished sleep efficiency and duration in humans, rodents and fruit flies [1] [2] [3] . Conversely, sleep-deprived animals or short-sleeping genetic mutants have reduced lifespans Flies display all the behavioral characteristics of sleep, including extended periods of quiescence, elevated arousal threshold, compensatory rebound following deprivation and species-specific posture [2, 8] . Sleep in the fruit fly is typically defined as 5 min of immobility, which correlates with an elevated threshold to arousal [2, 8] . Recordings of local field potentials in the central brain reveal reduced electrical activity during behaviorally quiescent periods, suggesting that flies, like mammals, have altered physiology during sleep [9] . Many wake-promoting drugs including caffeine, modafinil, amphetamine and cocaine have comparable effects on fly and human sleep, supporting the notion that the molecular basis of sleep is highly conserved [10] [11] [12] . Also supporting this notion, pharmacological treatments of human sleep disorders target dopamine signaling, and dopamine potently suppresses sleep in Drosophila. Modafinil and amphetamine purportedly inhibit dopamine transporter function to suppress sleep in flies, while a reduction in dopamine signaling increases sleep duration and improves sleep consolidation [12, 13] . Intriguingly, at least some functions of sleep appear to be conserved from flies to mammals because sleep-deprived flies display many similar cognitive deficits to those seen in humans, including reduced memory consolidation [14] .
A number of large-scale genetic screens for shortsleeping flies have identified genes that promote sleep. These genes have diverse functions and include the Shaker K+ channel, the Shaker -interacting membrane protein sleepless, the dopamine transporter fumin and the cellcycle regulator cyclin A [15] [16] [17] [18] . Genome-wide analysis has also been applied to identify molecular processes underlying sleep. Transcriptome analysis of wild-derived inbred Drosophila lines found genes affecting nervous system development and metabolism that correlate with sleep duration [19] . Microarray studies examining differential gene regulation in sleep-deprived flies and in flies spontaneously awake or asleep during 12-hour light/dark cycles revealed wake-associated genes involved in glutamatergic transmission, stress and immune responses, while sleep-associated genes included the glial-specific gene anachronism and enrichment for genes involved in lipid metabolism [20] . A better understanding of the genes and neurons underlying sleep regulation will be critical in determining how sleep changes with age.
Total sleep duration can be decoupled into the number of sleep bouts exhibited by an individual and the average length of each sleep bout. Efficient sleep is consolidated into longer bouts, and as flies age, sleep becomes fragmented [7] . The presence of dietary sugars potently increases consolidation of sleep into longer sleep bouts, and this is in part due to activation of sugar-sensitive sensory neurons [21] . Considerable evidence has emerged suggesting the genetic mechanisms underlying bout number and bout duration may be different. Flies mutant for the neuropeptide amnesiac have normal sleep duration but sleep is fragmented [22] . These findings suggest distinct genes regulate sleep duration and the length of individual sleep bouts. amnesiac has also been implicated in agedependent memory decline [23] , indicating that shared neuropeptide signaling may underlie age-dependent changes in sleep and memory.
Molecular Cues Underlying Age-Dependent Changes in Sleep
Screening for long-lived animals is labor-intensive, and therefore, a number of alternative assays have been developed to characterize aging, including sensitivity to the free radical-inducing drug paraquat, sensitivity to high temperature stress and screening for neurodegeneration [24, 25] . The short lifespan of the fly and ease of measuring longevity has made these approaches particularly effective for identifying genes involved in the aging process. A number of single-gene mutations have been identified that increase lifespan by as much as 50%, including numerous genes associated with metabolic function and insulin signaling [26] .
Insulin signaling is central to metabolic regulation in the fly, and insulin-producing cells within the fly brain are proposed to be integrators of nutrition and sleep ( fig. 1 a) [27] . Mutations in the insulin-signaling pathway including numerous insulin-like peptides, the insulin receptor and insulin receptor substrate chico are all long-lived [26] . Studies in the nematode Caenorhabditis elegans and mammals also implicate insulin in aging, suggesting a conserved role for insulin signaling in the regulation of longevity [28] . The long-lived phenotype of animals deficient for insulin signaling suggests diet modulates longevity. Indeed, dietary restriction increases lifespan in animals ranging from worms to mammals. In Drosophila, lifespan is dramatically extended by dietary restriction that consists of feeding flies food with reduced yeast content, while increased yeast content shortens lifespan [29, 30] . Adding back the amino acid methionine alone prevents the increase in longevity brought about by dietary restriction, suggesting that di-etary methionine promotes aging [31] . Disruption of the insulin receptor substrate protein chico prevents lifespan extension through caloric restriction, revealing a critical role for insulin in the aging process [32] . Therefore, dietary yeast appears to stimulate insulin signaling and promote aging.
There is abundant evidence that sensory cues derived from the presence of dietary macronutrients modulate both sleep and aging. Removal of all olfactory cues blocks the effect of yeast on longevity in dietary-restricted animals. In fact, removal of a single gustatory receptor, Gr63a, extends lifespan, indicating that the smell of food alone can promote aging [33] . The effect of caloric restriction, dietary methionine and sensory perception of yeast on age-associated changes in sleep remains unknown, and it will be interesting to determine whether these manipulations prevent age-dependent sleep changes in addition to increasing longevity.
While there is a clear link between diet and longevity, the relationship between diet and age-related changes in sleep is less clear. Aged flies have dramatically altered sleeping patterns including decreased sleep duration and reduced sleep bout length, suggesting that in flies, like humans, aging prevents sleep consolidation [2, 7] . Moreover, flies that are selected for short and fragmented sleep display phenotypes associated with increased aging, as well as shortened lifespan [34] . Treating young flies with the free radical-inducing drug paraquat results in reduced sleep consolidation similar to that observed in aged flies, leading to speculation that free radicals are responsible for age-dependent changes in sleep [7] . There is also evidence suggesting the dietary changes that promote aging modulate sleep. Raising flies on a high-calorie diet results in cardiac dysfunction, diminishes longevity and accelerates age-related sleep fragmentation [35, 36] . Aging may modulate sleep indirectly by disrupting functionally linked neural systems. In addition to sleep, circadian rhythms and associated molecular clocks are disrupted in aged animals. A key feature of circadian clocks is transcriptional synchrony of clock gene expression and neural activity between the primary pacemaker neurons, and disruption of core circadian induces sleep loss. Aged flies have reduced strength of circadian rhythms and a lengthening of the free-running circadian clock [37, 38] . The molecular basis for altered circadian rhythms and whether this is responsible for agerelated sleep loss remains unclear. One study reported that aged flies displayed head-specific reductions in the oscillation of some, but not all, circadian genes [37] . These findings raise the possibility that the reduced robustness of transcriptional rhythms result in prolonged locomotor rhythms [37] . Another study found weak transcriptional rhythms in the periphery and strong rhythms in central brain neurons [38] . Surprisingly, inhibition of protein kinase A in central clock neurons rescued the age-dependent loss of circadian rhythms and fragmentation of sleep, suggesting elevated protein kinase A signaling may disrupt sleep and circadian rhythms in aged animals [38] . Furthermore, genetic manipulation of nutrient-sensing components of the insulin pathway, such as target of rapamycin and AKT, alters circadian rhythms [39] . Given that shared genes and neurons regulate aging, sleep and circadian rhythms, it will be informative to further study the relationship between transcriptional regulation of circadian function and sleep in aged animals.
Future Areas of Speculation
While progress has been made in understanding the biological basis of sleep and aging, less is known about how these processes interact. There are a number of central questions regarding the molecular basis of age-related changes in sleep that remain unanswered. While aged flies display reduced sleep and increased sleep fragmentation, the functional and physiological significance of these changes is unclear. While mammalian aging is accompanied by a reduction in slow-wave sleep, which is particularly important for consolidation of memories and synaptic homeostasis [40, 41] , distinct phases of sleep have not been identified in Drosophila. Currently, fly sleep is predominantly defined by periods of behavioral quiescence, though many studies examine arousal threshold and sleep rebound. The development of improved assays for physiological and behavioral analysis of sleep in the fruit fly may allow for a better understanding of how sleep changes with age.
Age-related sleep loss and fragmentation may involve altered expression of genes central to sleep regulation. Alternatively, global transcriptional changes may underlie age-associated changes in sleep. A more comprehensive understanding of the genetic architecture underlying sleep-wake regulation and the associated changes in neural activity may help to address these questions. For example, it has been proposed that insulin release from the neurosecretory insulin-producing cells regulates nutrient-dependent changes in sleep [27] . Supporting the findings that insulin is a critical regulator of sleep, the neurotransmitter octopamine promotes wakefulness by signaling insulin-secreting neurosecretory cells in the fly brain [42] . Given the role of insulin signaling in aging, this raises the possibility that altered function of the insulin-producing cells may underlie age-associated changes in sleep [42] . While there is clearly a role for insulin signaling in regulating longevity and age-dependent changes in sleep, the location of sleep neurons targeted by insulin remains unclear. Dopamine is central to sleep-wake regulation in flies and mammals, and dopamine neurons densely innervate the Drosophila mushroom bodies, which are central to sleep. Thus, identifying whether insulin confers age-related changes in sleep through targeting the same brain regions that regulate sleep in young animals, such as dopamine neurons, the mushroom bodies or other novel sleep circuitry, will be informative ( fig. 1 b) . Interactions between insulin and dopamine signaling appear to be conserved in mammals. Insulin signaling is impaired in diabetes and is associated with decreased memory and cognition. Diabetic induced rats display decreased levels of dopamine with a concomitant increase in hippocampal dopamine receptor expression [43] . If this interaction is conserved in Drosophila, it is possible that insulin release from the insulin-producing cells may regulate dopamine signaling and provide a link between aging, metabolic state and sleep-wake regulation.
Finally, much of the neural circuitry and synaptic changes underlying age-associated sleep loss remains to be determined. One proposed function of sleep in flies and humans is the maintenance of synaptic homeostasis through a global depotentiation of synapses [44] . Evidence suggests synaptic homeostasis is essential for the synaptic plasticity that underlies memory formation but may also underlie a more general mechanism of neuronal maintenance. The effect of aging on the modulation 338 of synaptic proteins remains unclear. Examining the effects of sleep on synaptic homeostasis in aging flies may unveil novel mechanisms for age-dependent changes in sleep. For example, it is possible that reduced synaptic homeostasis in aged animals underlies interactions between sleep, memory and aging. Age-related changes in neural morphology and, likely, connectivity, have been noted between dorsal paired medial (DPM) neurons and their targets in the mushroom bodies [23] . These neural loci have been implicated in both memory formation and sleep. In fact, blocking transmitter output from DPM neurons results in fragmented sleep, raising the possibility that age-dependent changes in DPM function underlie sleep fragmentation [22] . As additional neural circuitry underlying sleep becomes known, the application of techniques examining the physiological function of these neurons in old and young flies may reveal neural mechanisms underlying age-dependent sleep loss.
In summary, sleep is modulated by both aging and metabolism. Aging has also been implicated in age-dependent disruption of circadian rhythms and sleep consolidation. Insulin signaling intermediates that promote aging also modulate circadian rhythms, raising the possibility that insulin signaling underlies age-dependent changes in sleep-wake regulation. Likewise, dietary changes that promote aging also modulate sleep. However, the molecular and neural links between diet and agerelated changes in sleep remain unclear. The ease of measuring sleep and aging in flies, along with powerful genetic tools, will aid future investigations into the molecular and neural basis of age-related sleep loss.
